Borrelia burgdorferi, the etiologic agent of Lyme disease, persists in both an arthropod vector and vertebrate hosts, usually wild rodents. Analysis of the B. burgdorferi transcriptome in vivo indicates that the bb0365 gene is markedly induced as spirochetes enter the feeding ticks from infected mice. To understand the importance of the bb0365 gene product in the spirochete life cycle, we inactivated this gene in an infectious isolate of B. burgdorferi B31. BB0365-deficient spirochetes were fully pathogenic in mice and survived in diverse murine tissues. When naive ticks engorged on spirochete-infected mice, the B. burgdorferi bb0365 mutant entered ticks but had a markedly decreased survival rate compared with wild type B. burgdorferi. BB0365 therefore is not necessary for B. burgdorferi persistence in the vertebrate host but is required for survival of the Lyme disease agent within the feeding arthropod vector, and strategies for interfering with this gene may potentially interrupt the B. burgdorferi life cycle.
Lyme disease is a complex tickborne infection that occurs in many parts of the world, including the United States [1] . The causative pathogen, Borrelia burgdorferi, lives in distinctive but diverse hosts such as Ixodes scapularis and wild rodents [2] . Larval ticks acquire B. burgdorferi from an infected mammal, and, after molting, transmit the pathogen to new vertebrate hosts. Clinical manifestations of Lyme disease vary and may involve a characteristic skin rash named "erythema migrans," arthritis, carditis, or neurologic symptoms [3] . Antibiotic treatment of Lyme disease is often but not always successful [4, 5] . Because of the lack of an effective vaccine and chances of persistent infection, development of preventive therapies remains necessary. The 1.5-Mb genome of B. burgdorferi, segmented in one chromosome and a total of 21 linear and circular extrachromosomal elements or plasmids, is possibly the most structurally complex genome among known prokaryotes. The extrachromosomal elements are collectively more numerous than those of known bacteria and potentially encode a wide array of hypothetical proteins that lack orthologs beyond the Borrelia genus; they are thus hypothesized to perform specialized functions to support the B. burgdorferi life cycle. The B. burgdorferi genome is also distinctive among related bacterial genomes, differing considerably from the fellow spirochete pathogens, such as Treponema pallidum, the causative agent of syphilis [6] . T. pallidum lacks extrachromosomal elements, and although both spirochetes feature prominent membrane lipoproteins often linked to virulence, the B. burgdorferi genome contains at least 132 genes encoding putative lipoproteins, compared with 22 such genes in T. pallidum [6] . Therefore, there exists a structurally diverse and unique genome, possibly associated with the critical adaptive capabilities of B. burgdorferi to persist through an intricate and complex enzootic cycle in nature.
B. burgdorferi has evolved to persist in both the arthropod vector and mammals [7] . Excellent animal models, most notably the murine model, are available for investigating the adaptive strategies of the spirochete during its natural infection cycle. Inbred C3H/HeN mice can readily be infected with B. burgdorferi via needle challenge or tick feeding [7] [8] [9] . The spirochete disseminates to many murine tissues, including the distal skin, joints, heart, bladder, and spleen, and causes acute carditis and arthritis [10, 11] . Similarly, spirochete acquisition by the vector can also be studied by feeding naive I. scapularis ticks on B. burgdorferi-infected mice. The bacterium first enters the gut of the tick vector along with the mammalian blood meal and persists therein successfully, evading the arthropod's digestive and innate immune response [12] . B. burgdorferi continues to reside in the gut throughout the long intermolt periods of low metabolic activity and ambient winter temperature. The spirochete exits the gut only during a subsequent blood meal, passing through the salivary gland as the organism is transmitted to a vertebrate host [13] . Each of these environments that the microbe encounters during its life cycle possibly prompts antigenic changes in the bacterium that might contribute to host adaptability.
Recent studies have identified a number of B. burgdorferi genes that are primarily expressed in the vector and contribute to the survival of the spirochete [14] . For example, ospA and ospB are up-regulated as soon as B. burgdorferi enters I. scapularis, and these gene products facilitate colonization of the tick gut by spirochetes [15, 16] . bb0690 is highly expressed in B. burgdorferi residing in the gut of the intermolt I. scapularis and likely plays a role in protecting spirochetes during dormancy in unfed ticks [17] . In contrast, ospC is generally not expressed by B. burgdorferi in unfed ticks and is dramatically up-regulated on spirochetes when the ticks engorge [18] . OspC is involved in the transmission of B. burgdorferi through ticks [19] and establishment of infection in the mammalian host [20] . All these studies demonstrate that spirochete genes induced in ticks have important roles in B. burgdorferi persistence. The present study seeks to study the functional role of a spirochete gene that encodes a potential lipoprotein, BB0365; that is located on the B. burgdorferi chromosome; and that is highly induced in feeding ticks. Further characterization of B. burgdorferi genes that are upregulated within the arthropod vector is critical for understanding spirochete survival throughout its complex enzootic life cycle.
MATERIALS AND METHODS
B. burgdorferi, ticks, and mice. An infectious and low passage (passage 3) isolate of B. burgdorferi B31, clone 5A11 [21] , was used throughout the present study. Six-to 8-week-old female C3H/HeN mice were purchased from the National Institutes of Health. The ticks used in this study originated from adult female I. scapularis ticks obtained from the Connecticut Agricultural Experiment Station. Development and rearing of ticks was performed in the laboratory as described elsewhere [22] . All animal experiments were performed under biohazard containment level 2 conditions, in accordance with the guidelines of the Ethical Review Committee of the Institutional Animal Care and Use Committee and the Institutional Biosafety Committee of the Yale University School of Medicine and the University of Maryland.
Microarray analysis. Glass arrays containing spotted oligonucleotides that represent open reading frames (ORFs) covering the entire B. burgdorferi B31 genome were used as described elsewhere [23] . Groups of C3H/HeN mice (10 mice/group) were injected with B. burgdorferi (1 ϫ 10 5 spirochetes/mouse), and the infection was confirmed by polymerase chain reaction (PCR) and culture [22] . At 3 weeks of infection, naive nymphal I. scapularis (25 ticks/animal) were placed on infected mice, and partially engorged nymphs were carefully removed at 48 h of feeding along with 10-mm 3 murine skin samples, distant from the tick-bite sites. Total RNA was purified from the infected murine and tick samples by use of the RNeasy Kit (Qiagen). B. burgdorferi mRNA was further enriched in the total tissue RNA by the oligonucleotide-capture hybridization procedure [24] , as specified by the manufacturer (MICROBEnrich and MICROBExpress Kits; Ambion). The enriched borrelial mRNA isolated from murine skin and tick samples was subsequently amplified by an in vitro transcription method [25] with a commercially available kit (MessageAmp II-Bacteria; Ambion), differentially labeled with specific FluoroLink Cy dyes (Cy5 for mice and Cy3 for ticks; Amersham-Pharmacia Biotech), fragmented into 60 -200-bp nucleotides, and used for hybridization into B. burgdorferi microarray. The hybridized slides were processed and analyzed in the HHMI Biopolymer and W. M. Keck Biotechnology Resource Laboratory at Yale University by use of GenePix Pro 5.0 software. Although the overall hybridization signal was poor, the ORFs showing the highest medians of ratios for the Cy3 channel (F532/F635) were further assessed using quantitative reverse-transcriptase PCR (qRT-PCR), to identify potential genes that are up-regulated in ticks.
PCR. The nucleotide sequence of various primers used in specific PCR applications is indicated in table 1. RT-PCR or qRT-PCR was performed directly on RNA isolated from tissue (without amplification) as described elsewhere [22] , with the following modifications. Briefly, by use of the RNeasy Kit, total RNA was isolated from in vitro-grown spirochetes or B. burgdorferi-infected tissues and without prior RNA amplification directly reverse transcribed to cDNA by use of the proSTAR cDNA Synthesis Kit (Stratagene). qRT-PCR was performed in an iQ5 real-time thermal cycler with iQ SYBR Green Supermix according to the manufacturer's instruction (Bio-Rad Laboratories), as described elsewhere [26] . The amounts of B. burgdorferi target transcript, such as bb0365, in tick or mouse samples were further normalized to the spirochete levels in corresponding tissues by measurement of flaB transcripts in the qRT-PCR. The murine or tick ␤-actin genes [22] were also amplified to normalize the B. burgdorferi burden in the infected tissue.
Protein expression, preparation of BB0365 antibody, and immunoblotting. Recombinant BB0365 protein was produced in Escherichia coli by use of the bacterial expression vector pGEX-6P1 (Amersham-Pharmacia Biotech). The primers used for directional cloning of the BB0365 protein without the N-terminal leader sequence are indicated in table 1. Expression, isolation, and enzymatic cleavage of the glutathione transferase (GST) fusion proteins were done as described elsewhere [22] . Recombinant BB0365 protein without the GST fusion partner, produced in E. coli, was emulsified in complete Freund's adjuvant and injected into 2 groups of 2 rabbits each (100 g/animal). Two subsequent boosts with the antigen in incomplete Freund's adjuvant were administered at 3-week intervals, and 2 weeks later serum samples were collected. Immunoblotting analysis was performed as described elsewhere [22] using a 1:20,000 dilution of the BB0365 antibody, and bound antibody was further detected using horseradish peroxidase-conjugated anti-rabbit secondary antibody (Sigma-Aldrich).
Construction and phenotypic analysis of the B. burgdorferi bb0365 mutant. Genetic manipulation of B. burgdorferi was performed as described elsewhere [16, 17, 19, 27] using the oligonucleotide primers as detailed in table 1. In the mutant isolate, the entire bb0365 ORF was replaced by the kanamycin-resistance cassette contained in the plasmid pXLF10601 [27] via homologous recombination. The 5' and 3' arms flanking the bb0365 ORF were amplified in a PCR using primer pairs P1-P4 and cloned into 2 multiple-cloning sites flanking the kanAn cassette [28] in plasmid pXLF10601. The recombinant plasmid pXLF10601-bb0365 (25 g) was electroporated into B. burgdorferi B31, clone 5A11, following a protocol described elsewhere [16] . The transformants, which grew in BSK-H complete medium (SigmaAldrich) containing kanamycin (350 g/mL), were selected and further analyzed in PCRs using primers P5-P10 (table 1) , to confirm the desired integration of the kanAn cassette. The endogenous set of plasmids contained in the parental B31 isolate was also assessed in the mutant isolates as described elsewhere [29] , and one of the B. burgdorferi bb0365 mutant clones that retained the same set of plasmids as the wild-type B. burgdorferi was selected for additional experiments. Finally, to assess whether target genetic manipulation of bb0365 exerted an unwanted polar effect on the expression of genes immediately downstream, expression of surrounding genes, such as bb0366 and bb0364, was assessed by qRT-PCR. Results indicated that expression of bb0366 and bb0364 was similar in both the wild-type B. burgdorferi and the bb0365 mutant (data not shown).
To assess the phenotype of the BB0365-deficient spirochetes in vivo, the mutant and wild-type B. burgdorferi were separately inoculated into groups of mice (10 animals/group and 1 ϫ 10 5 spirochetes/mouse). The mice were killed on day 7, 14, and 21 after challenge, and the skin, heart, joint, and bladder were isolated and stored at Ϫ80°C. B. burgdorferi burdens in tissue samples were measured by qRT-PCR using flaB as a surrogate marker, as described elsewhere [22] . Before killing, ear tissues from the mice were cultured in BSK medium for the presence of viable B. burgdorferi. Infected joints from the individual mouse were also studied for signs of inflammation and were scored for the development of Lyme arthritis in a blinded fashion as described elsewhere [16] . Acquisition of B. burgdorferi by nymphal I. scapularis ticks was performed as described elsewhere [22] . Briefly, C3H/HeN mice were infected with wild-type spirochetes or BB0365-deficient B. burgdorferi (1 ϫ 10 5 spirochetes/mouse, 5 animals/group). After 2 weeks of infection, 25 I. scapularis nymphs were placed on each mouse. The ticks were forcibly detached from the mice after 6, 12, 24, 48, and 72 h of attachment and were immediately stored at Ϫ80°C. Parallel groups of ticks were allowed to feed to repletion and detach from the mice, which usually occurred between 72 and 96 h. Twenty-four hours after repletion, groups of postfed ticks were also frozen at Ϫ80°C. B. burgdorferi burdens in each of the tick samples were measured by qRT-PCR as described elsewhere [22] .
Statistical analysis. Results are expressed as mean Ϯ SE values. The significance of the difference between the mean values of the groups was evaluated by Student's t test, using Statview software (SAS Institute).
RESULTS

Up
-regulation of bb0365 when spirochetes enter I. scapularis. We used microarray-based analysis to identify genes that are expressed when B. burgdorferi enter ticks from mice. C3H/HeN mice were infected with B. burgdorferi and, after 3 weeks, naive I. scapularis nymphs were allowed to feed on the animals. Partially fed nymphs and murine skin samples were collected 48 h after feeding. B. burgdorferi mRNA was isolated from infected tissues and amplified by in vitro transcription, and the labeled RNA was hybridized onto whole-genome B. burgdorferi arrays as detailed in Materials and Methods. The microarray data were analyzed, and selected genes that displayed apparently enhanced expression in ticks were further assessed using independent qRT-PCR analysis. Results indicated that one of the B. burgdorferi genes, bb0365, displayed the most dramatic upregulation when spirochetes entered ticks (8 -12-fold increase; P Ͻ .001), compared with the corresponding expression in spirochetes that persist in multiple murine tissues (figure 1). We therefore further explored how the differential expression of bb0365 supports B. burgdorferi survival in the murine-tick infection cycle.
Construction and characterization of the B. burgdorferi bb0365 mutant. To evaluate the importance of bb0365 gene function during the enzootic life cycle of B. burgdorferi, we created an isogenic mutant lacking bb0365 and assessed how the BB0365-deficient B. burgdorferi behave in the mouse-tick infection cycle. The B. burgdorferi bb0365 mutant was constructed by exchanging the ORF of the bb0365 gene with the kanamycinresistance cassette via homologous recombination (figure 2A). A suicide plasmid for recombination in the intended chromosomal locus was constructed and transformed into an infectious clone of B. burgdorferi, as detailed in Materials and Methods. Transformants were selected for their ability to grow in BSK medium supplemented with kanamycin. Positive clones were further analyzed for the correct insertion of the antibiotic cassette in the B. burgdorferi chromosome, as shown in figure 2B . Endogenous plasmid profiles were also assessed, and one of the B. burgdorferi bb0365 mutant isolates that retained a plasmid profile and growth pattern identical to the wild-type B. burgdor- Figure 1 . Dramatic up-regulation of bb0365 expression in Borrelia burgdorferi entering ticks. Groups of 10 mice were infected with B. burgdorferi B31 via needle inoculation. At 3 weeks, 25 Ixodes scapularis nymphs were allowed to feed on each mouse. Partially engorged ticks were isolated at 48 h of feeding, along with murine hearts, joints, bladders, and skin. Total RNA was isolated from ticks and the murine tissues and converted to cDNA, and copies of B. burgdorferi flaB or bb0365 were determined by quantitative polymerase chain reaction. Expression of bb0365 was corrected for the equal loading of spirochetes in each sample by normalization to B. burgdorferi flaB copies. Fold increases in bb0365 transcript levels in feeding ticks (1.05 Ϯ 0.23/pg of flaB ), compared with those in individual murine tissues (including hearts, joints, bladders, and skin), are shown. Bars represent mean Ϯ SE values from 3 independent experiments. Differences in the bb0365 transcript levels in ticks were significantly higher than the corresponding values in each of the murine tissues (P Ͻ .001). bb0362, bb0363, bb0364, bb0366 , bb0367, and bb0368 (white boxed arrows) as well as bb0365 (black boxed arrow) and the kanamycin-resistance cassette, which is driven by the B. burgdorferi flaB promoter (flaB-Kan) (gray boxed arrow), are indicated. The 5' and 3' arms needed for homologous recombination, flanking the up-and downstream of the bb0365 locus, were amplified using primers P1 and P2 and primers P3 and P4, respectively (positions indicated by black arrowheads), and were ligated to the flaB-Kan cassette as detailed in Materials and Methods. B, Integration of the mutagenic construct pFlab-Kan in the intended genomic locus. Primers 5-10 (position indicated by white arrowheads in panel A) along with DNA from WT B. burgdorferi or the bb0365 mutant were subjected to polymerase chain reaction (PCR) analysis, and amplified products were resolved using a 1.5% agarose gel. The combination of primers used for PCR is indicated at the top. The size difference between high-molecular-weight PCR amplicons (such as P5ϩP6 and P7ϩP6) was not evidenced, because of insufficient resolution of the gel. A 1-kb DNA ladder is shown on the left. C, Reverse-transcriptase PCR (RT-PCR) analysis of the bb0365 transcript. Equal amounts of total RNA isolated from either WT B. burgdorferi or the bb0365 mutant were converted to cDNA and then subjected to PCR analysis with flaB or bb0365 primer and analyzed on a 2% agarose gel. feri was selected for the study (data not shown). RT-PCR analysis indicated that bb0365 mRNA was not detectable in the mutant ( figure 2C) ; however, expression of adjacent genes, such as bb0364 and bb0366, remained unaltered (data not shown). The protein profiles of the BB0365-deficient and wild-type B. burgdorferi were also similar ( figure 2D, left panel) . Immunoblot analysis indicated that, as expected, the BB0365-deficient B. burgdorferi did not produce BB0365 protein ( figure 2C, right  panel) .
Full infectiousness of BB0365-deficient B. burgdorferi in mice. To assess whether the lack of BB0365 influenced the ability of B. burgdorferi to persist in mammals, C3H/HeN mice were infected with the BB0365-deficient or wild-type B. burgdorferi. Both the mutant and wild-type spirochetes were readily cultured from tissue biopsy samples obtained from mice that had been challenged for 2 weeks (data not shown). qRT-PCR also indicated that the BB0365-deficient and the wild-type B. burgdorferi persisted in multiple murine tissues at comparable levels, with the difference between these 2 groups being nonsignificant (P Ͼ .5; n ϭ 3) ( figure 3A ). Further analysis of joint swelling indicated that the B. burgdorferi bb0365 mutant elicited Lyme arthritis in mice at a level similar to that induced by the wild-type spirochetes ( figure 3B ). Taken together, these results suggest that BB0365 is not required for B. burgdorferi persistence and pathogenesis in laboratory mice.
Poor survival of the B. burgdorferi bb0365 mutant in the arthropod vector after entry into ticks. We next determined whether BB0365-deficient B. burgdorferi could efficiently migrate from infected mice to ticks and then persist within I. scapularis. To achieve this, nymphal ticks were allowed to feed on mice infected with wild-type B. burgdorferi or the bb0365 mutant. Partially fed or engorged nymphs were collected at different time intervals after the initiation of feeding. The burdens of viable spirochetes were assessed by qRT-PCR. At earlier time points of feeding, such as after 6 or 12 h of host attachment, equal levels of bb0365 mutants and wild-type spirochetes were detected in ticks, indicating that BB0365-deficient B. burgdorferi were able to enter the tick normally (data not shown). However, compared with wild-type B. burgdorferi, the survival of the bb0365 mutant was significantly diminished in feeding ticks (P Ͻ .001) (figure 4). A lower burden of BB0365-deficient B. burgdorferi was also evident in fully engorged postfed ticks (P Ͻ .0001) (figure 4). These data strongly suggest that BB0365 is important for persistence of spirochetes in feeding ticks.
DISCUSSION
To identify genes that are important for B. burgdorferi survival within the arthropod vector, we compared spirochete transcriptomes from infected murine skin and engorging ticks. These experiments revealed a dramatic induction of B. burgdorferi bb0365 in feeding I. scapularis. To determine the importance of BB0365 in vivo, we created an infectious isolate of B. burgdorferi that lacked bb0365. Analysis of the BB0365-deficient B. burgdorferi in a murine model of tickborne Lyme borreliosis showed that BB0365 facilitates spirochete persistence in the feeding vector.
B. burgdorferi survives in extremely diverse host environments involving a mammalian host and an arthropod vector [7, 30] . The spirochete dramatically alters its gene expression as it shuttles between these environments. B. burgdorferi, ingested by burgdorferi levels were considered to be 100%, and the bars represent the mean Ϯ SE values from 3 experiments. Levels of the bb0365 mutant and WT B. burgdorferi were similar in each of the murine tissues examined (P Ͼ .5; n ϭ 3). B, Evocation of similar levels of murine Lyme arthritis by BB0365-deficient B. burgdorferi and WT spirochetes. Mice were infected with B. burgdorferi and, 14 days after spirochete infection, the severity of joint swelling was evaluated on a scale of 0 to 3 (absent, mild, moderate, or severe) in a blinded fashion. Mean arthritis scores in mice infected with WT spirochetes were considered to be 100%. Differences in the arthritis scores for mice infected with WT or B. burgdorferi or the bb0365 mutant were not significant (P Ͼ .5; n ϭ 3).
I. scapularis, survive in the gut of the arthropod. Specific B. burgdorferi proteins, which are preferentially induced in ticks, are associated with microbial survival in the vector-OspA and OspB are involved in spirochete colonization of the gut [14] , BB0690 helps B. burgdorferi to endure long intermolt periods in the unfed tick [17] , and OspC participates in transmission and survival in the mammalian host [19, 20] . Here we determine that B. burgdorferi bb0365 undergoes abrupt up-regulation as spirochetes migrate from the murine skin to the feeding ticks. B. burgdorferi deficient in the bb0365 gene product, also known as lipoprotein LA7 [31] or P22 [32] , readily survive in mice, suggesting that BB0365 is not essential for mammalian infection with B. burgdorferi. Consistent with this phenotype, we also failed to detect significant levels of expression of bb0365 in multiple murine tissues infected with wild-type B. burgdorferi. This observation supports previous reports of B. burgdorferi infection in incidental hosts (such as humans) showing that BB0365 antibodies are not readily detected in patients with Lyme disease [31] [32] [33] . Similarly, although a minor expression of LA7 is evident in rabbits experimentally infected with cultured B. burgdorferi, the antigen is undetectable beyond 2 weeks of infection [34] . Collectively, these studies indicate that BB0365 is probably not copiously produced by B. burgdorferi in its natural vertebrate host. B. burgdorferi OspA is also generally not produced early during mammalian infection, and, like bb0365, the gene is induced preferentially in spirochetes that persist in the arthropod vector [35] . Consistent with the vector-specific expression of bb0365 and ospA, a recent microarray study also revealed similar down-regulation of bb0365 (Ϫ2.2-fold) and ospA (Ϫ1.7-fold) transcripts when cultured spirochetes were exposed to signals specific to mammalian environment, such as blood [36] . We therefore conclude that major expression of bb0365 and ospA by spirochetes are primarily restricted in the arthropod vector, where the gene product could be functionally important to support the natural cycle of B. burgdorferi.
The present study highlights an important role for BB0365 during acquisition of the spirochete in feeding ticks. The tick gut, to which spirochetes migrate from infected mammals and persist exclusively, undergoes dramatic architectural and physiological reorientation [37, 38] . These include active mitotic or metabolic changes in the gut to commensurate intense digestive activities, including the formation of a peritrophic membrane that surrounds the blood meal [37, 38] . BB0365 could thus be important in selected events linked to adaptation of B. burgdorferi in the arthropod environment, such as signal transduction, nutrient uptake, counteracting extreme digestive or immunityrelated activities, and the penetration of the peritrophic barrier to colonize the gut epithelium. That infection with BB0365-deficient B. burgdorferi is reduced but not totally eliminated in ticks also raises the possibility that, even though BB0365 facilitates the survival of spirochetes in feeding ticks, the loss of bb0365 gene function could be compensated, at least in part, by other B. burgdorferi genes. It is also not known whether BB0365 interacts with the other spirochete proteins, although in silico STRING analysis (http://string.embl.de) indicates interaction of BB0365 with the proteins encoded by neighboring genes, such as bb0366 and bb0367. Identification and further elucidation of the functional contribution of microbial components that support B. burgdorferi survival in the arthropod vector may lead to new strategies for interrupting the spirochete life cycle and thereby reducing the incidence of Lyme disease. Mice were infected with B. burgdorferi (5 mice/group), and spirochete infection was confirmed 10 days after infection. After 2 weeks of infection, naive Ixodes scapularis nymphs (25 ticks/mice) were allowed to feed on mice, and B. burgdorferi burdens in ticks were analyzed at the indicated time intervals during feeding or in the postfed nymphs by measuring copies of the B. burgdorferi flaB gene. Amounts of tick ␤-actin gene copies were determined in each sample and were used to normalize the quantities of spirochete DNA. Values for wild-type (WT) B. burgdorferi levels were considered to be 100%, and bars represent mean Ϯ SE values from 3 independent experiments. Levels of BB0365-deficient B. burgdorferi were significantly lower than those of corresponding WT spirochetes. *P Ͻ .001 and **P Ͻ .0001.
